Abstract-In an induction heater for heating of aluminum billets, the main reason for using high-temperature superconducting (HTS) tapes instead of conventional copper conductors is to reduce the large power losses in the induction coil. In this work we present how to calculate the different loss contributions of an induction heater based on HTS tapes. Calculations of these losses are used in the design of an HTS induction heater with a rated power of about 10 kW operating at liquid nitrogen temperature. The calculations predict an optimal current that yields the highest efficiency of the induction heater.
robust, high-temperature superconducting (HTS) tapes with high current densities are today available on the market [1] . These tapes are primarily designed for DC use. An important step to be taken by the tape manufacturers to make the HTS tapes reach a broad market in AC power applications is to reduce the AC losses. Meanwhile attention should be paid to how to utilize the HTS tapes and how to construct applications based on them.
In most conventional power applications, such as power cables, transformers or reactors, the current density is 1-4 A/mm 2 in the copper or aluminum conductors. This current density results in losses of 20-80 mW/Am. For an HTS tape operating at 77 K to reduce the power losses when replacing a conventional conductor, it needs to have losses lower than 1.5-6 mW/Am taking a cooling penalty factor of 12 into account (the number of watts needed in a cooling machine to remove one watt generated at 77 K).
An induction heater can be seen as a special case of a transformer, where the induction coil constitutes the primary winding and the workpiece to be heated a short-circuited secondary one-turn winding. When industrially employing 50/60 Hz induction heating to large billets of non-magnetic, high-conductivity materials such as aluminum, the copper conductors in the induction coil carry currents of the order 20 A/mm 2 . For an HTS tape, when replacing conventional conductors, to reduce the losses in such an induction heater, it needs to have losses lower than 30 mW/Am in average. This number is a factor 5-20 greater than for most other power applications where the use of HTS tapes is considered. In this work we describe how to calculate the different loss components and show calculated results for a 10 kW HTS induction heater. The results are compared to values of the losses obtained from initial measurements on a recently constructed induction heater of this size.
II. INDUCTION HEATER DESIGN
The design of the induction heater is described in detail in [2] . Here a brief review of the design is given following Fig.  1 . The aluminum workpiece to be heated is placed in the center and is enclosed by high-temperature thermal insulation. The HTS coil is built up of 24 double pancake coils, each wound with two tapes in parallel. In addition, the double pancake coils are connected two and two in parallel yielding a total of four parallel tapes. At the coil ends flux-diverters are inserted in form of transformer sheets to straighten the magnetic field and hence reduce the radial magnetic field, which otherwise results in unacceptably high losses. The HTS coil is immersed in liquid nitrogen inside a fiberglass reinforced epoxy cryostat. At the current rating, 190 A rms , the maximum magnetic field is 250 mT rms (axially) at the inside of the coil. The frequency is 50 Hz. The heat-flow from the coil to the nitrogen bath generates a temperature difference of a few degrees and hence the operating temperature of the coil becomes about 80 K when exposed to the current rating.
III. LOSS CALCULATION

A. HTS Coil Losses
In the HTS coil, losses in the form of hysteresis and of fluxflow occur. Both the hysteresis and the flux-flow contributions depend on the current in the tape, I, and the magnitude as well as the orientation of the magnetic field, B. To simplify calculations, the losses due to the magnetic field component oriented parallel to the surface of the HTS tape, B || , and the losses due to the field component oriented perpendicular to the surface of the tape, B ⊥ , are treated separately. Although this separation may be physically incorrect, it has only little influence on the results. In the major part (in the middle) of the coil the parallel field determines the losses, whereas at the coil ends the perpendicular field dominates the losses. Only in a small region of the coil the losses due to parallel and perpendicular fields are of comparable magnitude.
The AC losses are modeled semi-empirically using hysteresis models based on the critical state [3] and flux-flow models employing power law dependent DC I-E characteristics. The fitting parameters of the models were obtained from measurements on a tape similar to the one used in the HTS coil. The models are briefly reviewed below. The losses in the HTS tape are given in watts per meter, and the total losses of the coil can be obtained by integrating the tape losses over the length of the tape constituting the coil.
Hysteresis losses due to combinations of parallel magnetic fields and transport currents are modeled using slab geometry. The loss equations for currents below the critical current become [4] ,
where f is the frequency, C a fitting parameter introduced in [5] , A the tape cross-section area, B p the penetration field fitted to experimental data, β || = B || , peak /B p and i = I peak /I c . The critical current, I c , is assumed to be independent of B (set to the self-field critical current), and therefore i < 1 is valid for the currents of interest in the coil.
Hysteresis losses due to combinations of perpendicular magnetic fields and transport currents are modeled using strip geometry. The loss equation for zero current becomes [6] ,
where K is a fitting parameter introduced in [7] , w the width of the tape, B c a characteristic magnetic field fitted to experimental data and β ⊥ = B ⊥,peak /B c . The current dependency was accounted for by an empirical relation valid in the current range 0.4I c to I (I in self-field) for the specific tape,
Flux-flow losses are modeled using the DC I-E characteristics for both parallel and perpendicular magnetic fields:
where t per is the period time, I the current, and E ||,dc and E ⊥,dc are the parallel and the perpendicular electric fields which are given by power law dependencies,
where a is 1 µV/cm determined by the chosen standard critical current criterion. I c and the exponents n || and n ⊥ are fitted to experimental data obtained from DC I-E measurements.
B. Other Losses
Iron losses appear in the flux diverters. These losses are calculated using a standard iron loss equation of the form, where c 1 , c 2 and c 3 are given by material data. The first term includes the hysteresis losses, the second term the eddy current losses and the third term the excess losses.
Current leads are used between the HTS coil at liquid nitrogen temperature and the current source at room temperature. The current leads are designed following the guidelines in [8] , where the minimum losses are calculated to about 22 mW/A rms in an un-cooled current lead. The losses in the current leads consist of heat generated by the current in the leads and of heat in-leak through the leads to the nitrogen bath. An optimum length-to-area ratio of the current leads is chosen to minimize the total losses. At the design current, 190 A rms , this ratio is 20000 m/m 2 resulting in losses in each current lead of approximately 9 W. For currents below 190 A rms the resistive losses decrease (~I 2 ), while the heat in-leak increases. At zero current P lead = 5.3 W. Similarly, for currents greater than 190 A rms the resistive losses increases (~I 2 ), and a part of the additional power dissipated is conducted to the room temperature end of the lead.
Heat from the aluminum workpiece is radiated/conducted into the surrounding, high-temperature thermal insulation. By simulating the thermal process using finite element analysis, the heat losses were estimated to 200 W in average when heating the workpiece to 500 °C. As these losses appear at room temperature, they do not need to be multiplied by the cooling penalty factor.
Thermal leakage through the cryostat walls adds only marginally to the total losses if the cryostat is properly vacuum insulated with multiple layers of superinsulation inserted in the vacuum space.
IV. POWER DISSIPATION IN THE ALUMINUM WORKPIECE
The power dissipated in the aluminum workpiece is given by the magnetic field generated by the HTS coil (proportional to the current in the coil), the resistivity of the workpiece (increases with temperature) and the geometries of the coil and the workpiece. From finite element calculations, the average power dissipation in the aluminum workpiece heated from room temperature to 500 °C was found to be given by 2 
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At the rated current the heating power becomes 5.1 kW.
V. RESULTS
The tape used in both the experiments and in the calculations is a standard multi-filamentary Bi-2223/Ag HTS tape acquired from American Superconductor Corporation. The tape dimensions were 4.1 mm × 0.3 mm including an 0.05 mm stainless steel reinforcement on each side.
A. Measured Values
Initial testing of the induction heater revealed uneven current sharing between the parallel pancake coils. For parallel HTS coils with low resistance the current distribution becomes to a large extent determined by the inductances of the coils. In fact, for two fully coupled parallel coils with zero resistance, all current flows in the coil with the lowest selfinductance. In the HTS induction heater an uneven current sharing took place in three pairs of double pancake coils. From testing at room temperature and higher frequencies it was found that at least three quarters of the current were carried by one and only one quarter by the other of two parallel pancake coils. Using this current distribution in the three pairs with uneven current sharing, the losses were calculated for the entire induction heater. In Fig. 2 these losses are compared to values obtained by measuring the liquid nitrogen boil-off during testing. The level of losses is considerably higher than what would have been expected for a coil with a homogeneous current distribution. The main reason for this increase is the large perpendicular magnetic field component appearing in pancake coil pairs with uneven current sharing.
B. Modeled Performance
The problem with uneven current sharing between pancake coils can be solved by connecting all double pancake coils in series. The results of this section assume that a homogeneous current distribution between four HTS tapes is obtained. By connecting the pancake coils in series, only two tapes will carry the current and consequently the total current of the coil will be halved, whereas the number of turns will be doubled. power in the workpiece. In the current range 100-200 A, hysteresis dominates the losses. At the current rating, the parallel and perpendicular magnetic field losses are of the same order of magnitude. At higher currents the flux-flow losses increase rapidly as the current becomes larger than the magnetic field dependent critical current in parts of the coil. At low currents, the heat in-leak through the current leads and the heat transferred from the workpiece are the dominating factors.
The efficiency, η, of the heating process is determined by, where E heat is the energy associated with the temperature increase in the workpiece and E losses is the total energy losses during heating of a billet. The efficiency of the considered induction heater is shown as a function of current in Fig. 4 . The highest value of the efficiency is 59% at a current of 190 A rms . However, the curve is rather flat and in the current region 100-200 A, the efficiency varies between 52 and 59% only.
VI. DISCUSSION
The losses in the HTS tape at the current rating are 11 mW/Am, which is about one third of the losses in the conductor of a full-scale conventional induction heater. Furthermore, the overall efficiency, 59%, is comparable with the highest values seen in industrial induction heaters for aluminum.
Consider a typical full-scale 725 kW conventional induction heater with 400 kW going into the workpiece and 325 kW of losses. The workpiece in such a heater may have a length of 1.0 m, a diameter of 0.20 m, and a maximum magnetic field of 640 mT rms In the following the efficiency of an HTS based induction heater of this size will be estimated by up-scaling the calculated results from the 10 kW model.
By increasing the coil and billet length with a factor around 5, the effects of the radial magnetic field and the extra length of the coil relative the workpiece are reduced. The power dissipated in the workpiece increases by a factor 4.65, whereas the losses in the coil only increase a factor of 3.2.
The increase in the diameter leads to better magnetic coupling between the coil and the workpiece. The circumference of the current flow (and hence the power) in the workpiece increases a factor of 2.6 (considering the skin depth), whereas the average length of a coil turn (and the losses) only increases a factor 1.9.
By increasing the magnetic field 2.56 times, the power in the workpiece increases a factor 6.55. The losses in the coil increase by a factor 10. This is due to the increased magnetic field (as a first approximation linearly at high fields) and to the larger number of turns needed to generate the field (a factor 2.56 for the increased field strength and a factor 1.5 for the reduced current carrying capability due to the higher field). Also, the larger number of turns leads to a somewhat longer average turn length.
When including the effects of all these factors the losses increase by a factor 61 when the power dissipated in the workpiece increases a factor 79 (from 5.1 to 403 kW).
The HTS tape used in the small-scale heater is not optimized for use in the relatively high AC magnetic fields of induction heaters. By simply using a DC tape available on the market with a thinner region of superconducting filaments, the losses could be reduced by about 20% more. If a proper low AC loss tape became available, a loss reduction of another 50% could be anticipated.
These considerations lead to losses of about 85 kW (again taking into account a cooling penalty factor of 12) to be compared to the 325 kW of the conventional induction heater.
VII. CONCLUSIONS
In the 10 kW HTS induction heater, hysteresis dominates the losses, whereas the current rating is determined by the onset of flux-flow losses.
The efficiency of the small-scale HTS heater was calculated to 59%, which is comparable to state-of-the-art large-scale conventional industrial heaters.
Using techniques available today, a full-scale HTS induction heater has the potential to reduce the losses by 50% compared to conventional heaters. With a low AC loss HTS tape one can anticipate the losses to be reduced by 75%.
